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SUMMARY 

A stuw of several  typical  air  induction  systems  for  modern  air- 
craft  indicate  that flow distortions of about-pipe-flow  magnitudes  can 
be  expected  at  near-optimum  inlet-engine-matched  air-flaw  conditions 
and  at small Etngles'of  attacks.  These  distortions  may  be  seriously in- 
creased  by  operation  at  large  angles of attack  or yaw, or by  supercrit- 
ical operation of the  inlets. 

? 
R Boundary-layer  bleed,  duct  overexpansion  and  contraction,  and u freely  rotating  fans  appear  pramising as devices  for  reducing  distor- . tions  with  little  cost in propulsive  thrust.  Duct  lengthenlag is also 

ap effective  device  if  the  distortions  are  greater-than-pipe-flow mag- 

Duct  lengthening,  however,  can  not  reduce  distortions  below  the  pipe- 
f l o w  values. If screens  are  used,  they  should  be  installed  in a region 
of low duct  &ch  number  if  large  pressure  losses  are  to  be eoided. 

- nitude,  as  they usually are  during  angle of attack  or yaw operation. 

INTRODUCTION 

Flow distortions at the  face of highly  loaded  axial  campressors 
have  to a serious  degree  adversely  affected  the  performance of same  tur- 
bojet  engines.  For one thing, flow distortions  cause  surge to occur 
earlier,  thereby  reducing  engine  acceleration margins and altitude  oper- 
ating  limits. In addition,  local  increases in turbine gas temperature 
may  occur,  requiring an engine  thrust  deratFng  as a protective  measure. 
Other  undesirable  phenomena  such  as  rotating  stall,  increased  cwrpressor- 
blade  vibratory  stresses, and reduced  engine mass flows may also be 
present. 

As an example of the  qgantitative  effects of a f l o w  dietortion, 
recently  published data, indicate  that  on  the  average a 2-percent  increase 
in  distortion  requires a 1-percent  decrease  in  engine  thrust  rating. 

. 
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Twbojet engines vary substantially  in their toleration of s flow 
distortion. Same engines are more affected by radial distortiom, while 
other engines are m o r e  affected by circumferential  aistortions. Because 
air-induction systems feed the turboget engine d t h  flow distorted both .1 

radially and circumf'erentFally, both kinds of engines can experience 
serious  operational dirf icult ies.  

- 
- 

SYMBOLS 

D inlet  throat  hydraulic diameter 

h/6 r a t io  of fuselage  diverter  height tu boundary-layer thickness 

L difTuser duct length 

MO flight Mach  number 

P t o t a l  pressure 

v velocity 

!k@ corrected weight-flow, lb/( set)( sq ft) 
6A 

Subscripts : 

av average . .  

. 
" 

I 

min minimum 

DISCUSSION OF INLEZ D I S m T I O N  

The mapq-tude d9 flow distortions i n  t he  ducts of modern aircraf t  
a t  engine-Met matched air-.flow conditions .i.s shown in  f igure 1 as a 
function of free-stream  or flight Mach  number.  The data are  presented 
for  cruise  angles of attack  varying from Qo t o  do, depending on the 
airplane. 2 

. .  

The flow distortion parameter ccanbines both radial  and circumfer- 
ential   distortions.  It lxr defined a6 the difference between the maxirmrm 
and minimum total pressure  existing  over.t.@ycqressor-face f l o w  areit 
t o  withln about 95 percent of the duct radius dtvided by the average 
total pressure. M e t  geometries (fig.  2 )  represented  include a variable- - 
wedge inlet, fixed half-cone inle-ts.-a tra?+ating;-cone " nacelle inlet, 

. _  
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variable-ramp  twin inlets ,  fixed-scoop  twin inlets, and a fixed-ramg 
inlet-GLiE€ed  beneath a  research-model fuselage. 

Wide var ia t ions  in   dis tor t ion  Hth flight Mach  number and in l e t  de- 
sign  are obvious frm these data. As a group, the  distortions vary from 
9 to 23 percent at a B c h  number of about 0.6 to from 7 t o  12  percent at  
a Mach  n-er of 2.0. Rmthermore, sane inlet designs  appear t o  have a 
wide variat ion  in   dis tor t ion with Mach number, whereas others have l i t t l e  
variation  with Mach number. For example, airplane A has a distortion of 

Eu 

0 
+ 23 percent a t  Mach number 0.6 and 7 percent a t  Mach number 2.0, c e r e d  
+ wi th  a nearly  constant  12-percent d is tor t ion  over the Bame Mach number 

range for  airplane B. 

An explanation of this  difference can be  made with the.aid of f ig- 
ure 3 J  where the effect of duct  discharge  flow rate on flow distortion 
i s  presented. The same distortion data appearing in  figure 1 are shown 
here. For any inlet, distortion i s  a primary  function of the air flow 
rate .  Furthermore, the  experimental  trenaS  parallel  the  variation  in 
distortion of a  turbulent-pipe-flow profile  calculated  to  within 95 per- 
cent of the duct  radius. O f  course, it should  not be inferred f r o m  
these data that inlet flow distortions will  d a y s  follow  the pipe-flow 
curve; however, it is  a convenient  reference  distortion that can be used 
particularly i n  evaluating the effectiveness  of-distortion-reduction 
devices . 

% B 
rl 

6 
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Now, it may be  surprising to see a variation in  distortion f o r  pipe 
flow, but  this  variation in total-pressure  distortion i s  a natural con- 
sequence of a fixed  velocity  profile. To digress for  a moment, the re- 
la t ion between pipe-flow velocity  profile and pipe-flow.total-pressure 
profiles is  shown in  f igure 4 .  A turbulent*ipe”flow velocity  profile 
i s  plotted, and this   prof i le  is ideally independent of flow rate. The 
velocity  distortion  calculated frm the  center of the  duct t o  95 percent 
of the duct radius is a constant of 42.8 percent  for any flaw rate. 

When a total-pressure  proflle i s  calculated from this velocity  pro- 
f i l e ,  a steep  profile having 19.0-percent distortion 1s obtained  for a 
high f l o w  ra te  of 40 pounds per second per  square  foot, where- a flat 
p r o f i l e  having 3.8-percent  distortion is obtained f o r  a low flow rate  
O f  20 pounds per second per square  foot. Although the magnitudes of the 
experimental  distortions shown in  figure 3 are about the same as  pipe- 
flow dis tor t ions,  the  profiles, of course, can be quite  different from 
those shown in  figure 4. 

Returning now to  the  differences i n  the  variation of distortion wLth 
f l ight  Mach  number of airplanes A and B , the air f l o w  captured by the 
variable inlet of airplane A varied from 27 pounds per second per  square 
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foot a t  a Mach number of 2.0 t o  41 pounds per second per  square foot  a t  
a Mach number of 0.6. The air f l o w  captured by the fixed inlets  of a i r -  
plane B, on the otherhand,  varied only frm 28.8 t o  31.5 pounds per 
second per square .foot Over the flight Mach number range-of 2.0 t o  0.8. 

4 

c 

The differences  in  distortion with Mach number arises from a dif- 
ference i n  the engine-Wet  air-flow matching technique. Both airplanes 
have engines requiring a great variation i n  a i r  flow with f l ight  Mach 
number.  The in le t  on airplane A follows the engine air-flow  require- 
ment-and deliyers this great--variation in air f l o w  directly t o  the com- co 
pressor inlet. Thus a greEqt change in  distortion.with  f l ight. .~ch.num-. 
ber  occurred. The inlets  of airplane B, bwever,  deliver a nearly con- 
stant a i r  flow at  the duct  discharge that is greater than the engine 
requirements. The excess weight f low (up t o  34 percent) is then by- 
passed ahead of the ccmpressor inlet .  L i t t l e  distortion  variation w i t h  
Mach  number resulted. 

5 
. . . - - . - 

The discussion has thus far been concerned with well-designed in- 
lets employing  advanced techniques for  high levels of performance. Fur- 
themore, the data have been restr ic ted  to  near-optimum-performance, 
matched a i r - f low conditions, and l o w  angles of attack. However, m e  
pattern and magnitude of flow distortion vary substantially with condi- 
t i o n s  of inletroperation and w3th angles OP attack or yaw.  

I 

The effect of both subcritical and supercrttical  operation on dis-.  I 

tort ion is  sho'wn in  figure 5. Distortion is plotted as a f h c t i o n  of 
air-flow ra te .  Data are  presented f o r  airplane E a t  a flight Mach n u -  
ber of 0.9 and for the rese8,rch model at  Mach number 2 .O . Ln the sub- 
c r i t i ca l  range Both induction systems follow the ptpe-flow  curve very 
closely  until  near-critical-flow  conditions are approached. Near c r i t l -  
ca l  flow, the  distortions  gradually  diverge from the pipe-flow  curve and 
become sharply adverse as Fncreasing supercritical  qperation is  permit- 
ted. The sharp lmcrease in   dis tor t ion with supercrit$cal  operation prob- 
ably arises f r a n  duct  flow separations caused by internal-shock - 
boundary-layer interaction. 

The e f f e c t o f  y a w  angle on the flow distortions of airplanes A and 
D is shown i n  figure 6 a t  different Mach mmber6 a t  matched air-flow 
conditions. When an  airplane is yawed. o r  pitched, the a i r  inlet exper- 
iences nonuniform flow campression or even local flow separations  not 
encountered a t  the  cruise  attitude. These cadi t ione cause an increase 
in  flow disturtion a t  the air-inlet-entrance that are  carrfed back t o  
the canpressor-face  station. These data show that increasing  the yaw 
angle  increases  the  distortion. A n  average of these data indicates that 
about a lFpercent  increase Fn dAstortion can be  expected for ea&. 2O 
increase i n  yaw up t o  6O. Although the in le t  geometries and locatians me 
quite  different,  there is  no significant  difference between the airplanes 
as t o  the effect of yaw on f low distortion. 

1 

- 
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The effect of a&e of attack on the flow  distortions of a conical 
a spike  nacelle  inlet Is shown in figure 7. These data were obtained with 

a research model at a free-stream Mach nmiber of 2.0 for  a fixed air- 

a t  four stations  along  the  diffuser. Duct stations  are  located in terms 
of inlet hydraulic  diameters from the cowl l i p .  A marked Fncrease i n  
distortion a t  a l l   s t a t ions  was obtained with Fncreases in angle  of 
attack,  the sharpest increase  occurring  near the inlet  throat  region. 
The distortion  rapidly  decreased through the diffuser as a result of 
both mixing induced by viscous shear forces and reduced duct Mach num- 
ber. However, a sizeable  distortion at the campressor-face station 
still  existed, being 18 percent a t  8O angle of attack compared with 7 
percent a t  zero  angle of  'attack. 

L flow rate a t  a subcritical mass-flow ratio.  Distortions were  measured 

Centerbody bleed shown in 'the  sketch of figure 7 of about 6 percent 
of- %he duct  flow did not alter this condition. TBfs might be  expected ~ 

since,  although  the  bleed system removed the separated flow from the 
centerbody, shock-induced separation on the internal w a l l  of the cowl 
was not removed. 

To t h i s  point it has been shown that carefully designed air- 
Fnduction systems a t  matched air-flow  conditions have distortions of a 
magnitude about that of turbulent pipe flow.  Furthermore, it has been 
shown that internal  duct flow separations that OCCUT a t  some necessary 
airplane flight attitudes can markedly increase these distortions above 
the pipe f l o w  magnitude. It is obvious, then, that same new methods i n  
induction-system  design are required to  solve  the problem. The remain- 
ing figures present data obta-ined a t  the NACA L e w i s  laboratory on some 
of the more promising methods Tnvestigated. 

In figure 7, it was noted that inlet t.hroat bleed was ineffective 
in reducing  distortion, because a f l o w  separation on the internal w a l l  
of the cowl was not removed. The reduction in distortion w i t h  inlet 
throat bleed f o r  no flaw separation on the  internal wal l .  of the cowl is 
shown Fn figure 8, where distortion is plotted a6 a function of air-flow 
rate. Two bleed systems were used. One system is the conventional ex- 
ternal boundary-layer diverter, which prevents  fuselage  boundary-layer 
a i r  from entering  the W e t .  To determhe the  effects of allowing sane 
fuselage  boundmy-layer a i r   t o  enter the inlet ,  the c-ression raq 
could  be  lowered kt0 the boundary layer. The secand  system was used t o  
remove any boundary-layer or flow  separations on the r a m p  surface. This 
system consisted of a bleed s lo t  spanning the width of the  inlet  and 
located on the ramp at the M e t  throat. 
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With no throat bleed and with the W e t  placed two-thirds into  the 
fuselage boundary layer, which is &tl h/s of 1/3, distortion6 of 30 per- 
cent were obtained. As the Wet '  was raised out af the fuselage boundary 
layer,  progressive improvements iq f low distortion  resulted. However, ,. 
distortions much greater thaa pipe,-flow values st i l l  persisted. This 
flow distortion  resulted fran the  sepmation caused by the  inlxraction 
of the terminal shock and the ranq-sxtface boundary layer. 

" 

When throat  bleed Was used t o  remi~m~his flow separatian, a reduc- le 
0 
IP t ion in distortion t o  near-pipe-flow  values wiis obtained; and this lm- 

proved distortion waa obtained regardless of- the amount  of fuselage .. 

boundary-layer air entering the inlee-Furthemre, this reduction in 
dutor t ion  with throat bleed was accompaniecX by a 5-percent imgrovement 
in pressure  recovery. 

- . E  

Another suggested method af reducing  distortion is that of -.h- 
ening the duct t o  provide  increased mixing length. Figure 9 shows when 
duct  lengthenmg w i l l  be effective.  Distortion is plotted as a function 
of duct leagth in inlet  hydraulic diameters. The data shown are far the 
air- ducti ion systems of the aircraft  presented in figure 1, w i t h  the 
addition of data f o r  a research inlet where the effects of duct length 
were specifically  6-tudied, ' T h e  air-flow  rate was  held  constant at 30 
pounds per second per square  foot. For side-inlet  configuratimswhere 
no internal  bleed system was used t o  r a v e  compression-surface flow 
separations,  there is a marked reduction i n  distortion aa the duct is 
lengthened. A s  the  value of pipe-flow diglt&rt$on, 9 percent f 
all these data, is approached, further duct Lengthening proves Fneffec- 
t ive  . When throat bleed is used t o  remove ramg surf8c.e.. flow separations, 
thereby  reducing  the  distortion t o  pipe-flow value, again no effect of 
duct lengthening is noted. The same appears t o  be- true f o r  the nacelle 
cone inlet system. 

I 

- ". 

The  impmvement in distortion obtained with a research model in 
which the duct-was in i t i a l ly  overexpanded and then contracted t o  the 
campressor-face station is presented Fn figure 10. Two principles are 
explaited  by-this method. By first overexpanding.the  duct, the distor- 
tion is reduced, as haa already been discussed, by reducing the flow t o  
a low Mach  number o r  air-flow ra te .  I n  the second step, a prbc ip le  
used for years with wind tunnels, the distortions are further reduced 
by the strong mixing promoted by rapidly  accelerating the flow t o  the 
canpressor  face. 

T ~ E  o-nigjnal diffuser had a dfstortion of from 4 t-o 6 percent oyer 
the compressor-face air-flow range. This d i s t o r t i m l e s  about 2 percent 
above the pipe-flow val-. Wh€-n !he diffuser was U i e d  t o  include - R  
25-percent-greater-flow-area  section ahead -of the-  cap~es$or-face-  station, 
the distortion was reduced t o  aboul; 1 t o  2 percent. A 1-percent losd in 
pressure  recovery was experienced in changing to   the  modified diffuser. 

- 

c 
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This  is the one  method studied thus fa r  giving  distortions below the 
pipe-flow  value with l i t t l e  loss in  t o t a l  pressure. 

c 

e Two forced-mixing  devices' are also being studied at this laboratory: 
(1) a freely  rotating  blade row or  fan and (2) screens.  Figure ll shows 
the flow distortion in a duct with the  fan as a function of the  distor- 
tion  existing without the fan. A freely rotat- fan'reduces  distortion 
by transferring energy from regions of high velocity  to  regions of  low 
velocity. The fan reduced  a  10-percent distortion  to 8 percent and a 
30-percent distortion t o  17 percent.  Little  difference was obtained 
between fans w i t h  1 6  or 32 blades. 

Pressure drops across  the  fan  rotating in distorted f low have not 
been obtained as yet. However, pressure  drops  across the 16-blade fan 
of about 1 to 2 percent and across  the 32-blade fan of about 2 t o  3 per- 
cent have been measured in undistorted flow. These values  represent min- 
imum losses, of course, and may be somewhat  higher in a distorted  flow. 
These are results from the v e r y ' f i r s t   a t t a p t s  of the laboratory t o  re- 
duce f low distortions with fans and should not  be  considered  as  repre- 
sentative of the best that can be obtained. Research on t h i s  very prom- 
is ing device is cant  inuing at the NACA Lewis laboratory. 

Screens  placed  across the duct will reduce distortions,  as noted on 
figure 12, where distortion is plotted as a function of screen  solidity. 
The loss i n  pressure  across a screen is seen t o  be a function of both 
screen  solidity and duct Mach  number. In reducing a 13-percent  distor- 
t ion   to  6 percent,. a 7-percent loss in pressure was incurred at a  duct 
Mach nuniber of 0.37 campared w i t h  a 1-percent loss in pressure at a duct 
Mach number  of 0.2. Thus , if screens  are t o  be used 8s a distortion- 
reduction  device,  they should be installed w h e r e  low duct Mach numbers 
exist if la rge  pressure  losses are t o  be  avoided. However, at very high 
flight Mach rimers , of the order of 3.5 t o  4, screens may prove t o  be 
very attractive devices,  because (1) a loss of 7 percent in total   pres-  
sure is not the seriok problem that it is in the l o w  supersonic Mach 
number angle, and (2)  screen  icing w i l l  be nonexistant. 

CONCLUDING REMARKS 

I n  summary, research on modern air-induction systems indicates that 
f low distortions of about-pipe-flow magnitude can be q e c t e d  at near- 
optimum in le t  -engine matched air-f low conditions and cruise  angles of 
attack, independent of flight Mach number. These distortions axe seri- 
ously  increased by allowing  duct flow separation or nonuniform inlet 
f l o w  as are encountered with poor in le t  desi- or with good inlet de- 
s i@ps a t  angles of pitch or yaw. 
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Useful  devices f o r  reducing  distortions at l i t t l e   c o s t  i n  propul- 
sive thrust include boundary-layer bleed,  duct overexpansion and can- 
t ract ion,  and freely ro ta t ing  fans. Duct lengthening is also an effec- 
t ive  device i f  d i s tor t ions  are  greater than pipe-flow magnitude, but it 
is ineffective i n  reducing distortions belay pipe-flow magnitude. If 
screens are  used t o  reduce flow dtfitortions, they shmld be installed 
where a low duct Mach n&er exister, if large  gressure losses are t o  be 
avoided. 

Lewis. Flight Prapuls ion Laboratory 
National Advisory Cormnittee for Aeronauttm 

Cleveland, Ohio, Januasjr 23, 1956 
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